The glucoamylase enzyme (GAase) [1,4;1.6-a-D-Glucan Glucohydrolase, EC 3.2.1.3] catalyzes the release of glucose from the nonreducing ends of starch and related polysaccharides.1* Most fungal GAase exist in multiple forms.2~10) Only certain of these forms are able to absorb to raw starch and degrade this substrate to glucose.3~5'8) However, all forms have similar degradative activity on soluble starch. GAase activity and raw starch degradative activity (RSD) directly affect the yield and quality of alcoholic beverage fermentation processes. Aspergillus oryzae is the most common fungus used in the fermentation of sake (Japanese Rice Wine) in Japan. However, A. oryzae has little RSDactivity. In an effort to develop improved methods for sake fermentation, we are interested in applying molecular genetic technology to increase the GAase activity and RSDactivity of A. oryzae. Here we report the isolation and cloning of the GAase gene from Aspergillus shirousami,11A2) a fungus strain commonly used in the fermentation of shochu (Japanese-style brandy). This strain was selected because it has 1905 a high level of RSDactivity. Our laboratory has previously reported the development of a vector system for the transformation of A. oryzae.13M) This system was used to transform A. oryzae with the GAase gene from A. shirousami. We present evidence that the foreign GAasegene is correctly transcribed, translated, and expressed in A. oryzae, resulting in increased GAaseactivity.
Materials and Methods
Strains, plasmids, and media. A. shirousami RIB 2504 was used as the DNAdonor strain. A. oryzae M-2-3,13) an arginine auxotroph (argB), was used as the recipient strain for transformation. Plasmid pRBMl14) was used as the transformation vector for A. oryzae. E. coli strains HB101,15) JM109,16) and*MV118417) were used as hosts of plasmid pUC1 1816) for general DNAmanipulation and sequencing. E. coli LE392 and NM514and lambda phage EMBL318) and lambda gtlO19) were used as host and vector, respectively, for construction of the genomic DNA library and CDNAlibrary. Czapek-Dox (CD) medium consisting of 0.3% NaNO3, 0.2% KC1, 0.1% KH2PO4, 0.05% MgSO4à"7H2O, 0.002% CuSO4-5H2O, and 2% glucose or 2% maltose at pH 6.0 was used as the minimal medium. Dextrin-peptone (DP) medium consisting of 2% dextrin, 1% Polypeptone, 0.5% KH2PO4, 0.1% NaNO3, and 0.05% MgSO4-7H2O at pH 6.0 was used as the complete medium for fungal cultivation. 13'14) Construction of the genomic DNAlibrary. A. shirousami RIB 2504 mycelial spheroplast and whole DNAwere prepared as described by Iimura et al.13) Briefly, the whole DNAwas partially digested with Sau3Al. The resulting DNAfragments were mixed with itaraHI-digested lambda phage EMBL3 DNA arms (Amersham, UK). After ligation with T4 DNAligase, the mixture was packaged with a Gigapack gold packaging kit (Stratagene, U.S.A.) and used to transform E. coli LE392. Plaque-forming colonies were collected for construction of the genomic DNAlibrary.
Preparation of mRNA.Mycelia of A. shirousami RIB 2504 were cultivated in DP medium to early log phase.
They were then quickly frozen in liquid nitrogen and immediately ground with glass beads (0.5-mm diameter) to disrupt the whole cells. To extract the total RNA,the cell powder was suspended in 4m guanidine isothiocyanate solution, extracted by phenol, and precipitated by ethanol. Construction of the CDNAlibrary. The CDNAlibrary was constructed in a lambda gtlO phage. The first and second strands of CDNAwere synthesized, ligated with EcoRl linkers, cloned, and inserted into the EcoRl site of lambda gtlO using a CDNAsynthesis and cloning system (Amersham, UK). The ligated lambda gtlO phages were packaged with the Gigapack Gold kit. E. coli NM514was transfected with the packaged phages and the resulting plaques were collected to construct the CDNA library.
Transformation experiments. The transformation of E. coli and A. oryzae were done by the methods of Hanahan20) and Gomi et al.,1A) respectively. DNA sequence analysis. The nucleotide sequences were analyzed using the dideoxy chain termination method21} with plasmids derived from pUC1 18. The sequences obtained were computer analysed with a Microgenie program (Beckman, U.S.A.).
Oligo DNAprobe synthesis. Oligo DNAused as probes were synthesized by the phosphoamidite method using a polished to 80% of their original weight. The polished rice was then steeped in water overnight at 15°C. The rice was subsequently steamed and allowed to cool. Conidia from fungi were inoculated into the cooled rice at 105 per gram of rice. The inoculated rice was incubated at 36°C for 36hr. During the first 12hr of incubation, the rice was kept in a closed petri dish to prevent the evaporation of water. The last 24hr of incubation was conducted in a thermostat-hydrostat test chamber (Nagano Science, Japan) to keep the relative humidity at 95%. three of the synthesized probes were isolated.
Results

Cloning of the genomic
They were rescreened and subcloned into pUC118. Cloning of the CDNAGAase gene The CDNAlibrary (lambda gtlO) was screened by plaque hybridization, using the genomic Comparedwith the A. niger sequence, the genetic homology was 85% and amino acid homology was 95%. There were 31 amino acid changes and one amino acid deletion at position 126 (see Fig. 1C ). The deduced amino acid sequence of GAase contained 639 amino acid residues corresponding to a relative molecular mass of about 68,000 daltons (non- 1 and 2 ). Another fainter band was evident in the TF2-5 transformant at 4.0 kb, but was not found in any otherlane. This band was considered to be an internal rearrangement.14) The quantity of DNA in the transformant was about 10-fold higher than in the donor strain suggesting that the vector plasmid was integrated at multiple site in the host genome.14)
3. Northern blot analysis of transformants.
To evaluate whether the transformants could correctly transcribe the foreign DNA into RNA, Northern blot analysis was done ( 
Protein analysis of culture supernatants.
To find if the foreign GAase protein was secreted from the transformants, protein analysis of culture supernatants was done (Fig. 4) . 6. GAase, RSD, and a-amylase activity of culture supernatants. To measure the activity of the secreted enzyme, supernatants of host M-2-3, host plus vector only, transformant TF2-5, and donor RIB 2504 strains were analyzed (Table I ).
All strains were cultured in CDmedia supplemented with 1 % Polypeptone for 72 hr with a maltose base. Identical control cultures were established with a glucose base, which should not induce enzyme activity. As expected, the donor strain had 4.6-fold higher GAase activity and 4.4-fold higher RSD activity than the host strain. The transformant also had 5.6-fold higher GAase activity and 2.3-fold higher RSD activity than the host. a-Amylase activity was about equivalent among the host strain and the transformants. No significant enzyme activity was found in the glucose supplemented controls.
7. GAase, RSD, and a-amylase activity in rice-koji. To measure the activity of enzymes in rice-koji prepared with host M-2-3 and trans- a C, carbon source used in culture medium (Glu, glucose; Mai, maltose). b GA, glucoamylase activity. c U/gDCW,normalized to unit per one gram dry cell weight. d AA, a-amylase activity. e RSD,raw starch degrative activity.
f ND, not detected. Strains were cultivated in 100ml CDmedium supplemented with 1 % Polypeptone containing 2% glucose or 2% maltose as the carbon source (see Materials and Methods), at 30°C for 72hr with shaking. After cultivation, cells were isolated by centrifugation and dried at 80°C for 5 hr to measure cell weight. Supernatant were used for enzyme assay. Rice-koji were prepared as described in Materials and Methods. After cultivation, rice-koji were extracted by 0. 1 m sodium acetate buffer (pH 5.0) containing 0.5% NaCl, dialyzed for 20 mMsodium acetate buffer (pH 5.0) and then used for enzyme assay.
formant TF2-5, GAase RSDand oc-amylase activity were analyzed (Table II) . The transformant had a 1.9-fold increase in GAase activity and a 5.3-fold increase in RSD activity compared to the host. a-Amylase activity of the transformant activity was only slightly lower than the host.
Discussion
Improvement of the A. oryzae strain may prove to be commercially important to the fermentation industries in Japan. The previous development of a transformation system for this strain14) has madeit possible to attempt such improvements through genetic transformations. Previously, the Taka-amylase A (aamylase of A. oryzae) genes was cloned and expressed using this system.27)
Here we report the successful transformation of an A. oryzae arginine-auxotroph mutant with a plasmid carrying the GI GAase gene from A. shirousami. The genomic GI GAasegene from A. shirousami was isolated using three 45-mer probes representing the N- The 100,000 dalton protein detected was equivalent to that secreted by the donor strain. 100,000 daltons is the expected relative molecular mass of GAasein the glycosylated form.
Normally, glycosylation adds 20-30% to the molecular mass. The deduced relative molecular mass of the non-glycosylated protein was 68,000 daltons. Further, SDS-PAGE analysis of" culture supernatants indicated that the transformants were secreting a 100,000-dalton protein not found in the non-transformed host that correspond to GAase from the donor strain.
The secreted GAase appeared to be biologically active as shown by the 5.6-fold increase in GAase activity and 2.3-fold increase in RSD activity of the transformants in culture media than the host. The GAase and RSDactivities in rice-koji are very important for fermentation process control32) and with use of raw rice,33) in sake-making. Therefore we analyzed the GAase and RSD activities in rice-koji. As expected, the transformant also had 1.9-fold higher GAase activity and 5.3-fold higher 1913 RSD activity over the host control in rice-koji. Fromthese results, we anticipate the practical application of the GAase transformant in ethanol fermentation using starches as raw materials, including sake-making. This is the first attempt at successful genetic transformation of A. oryzae leading to strain improvement for fermentation. These results confirm the usefulness of the newly designed transformation system for expressing foreign genes in A. oryzae. Further use of this system could lead to other improvements, including the expression of multiple genes. Such studies mayeventually lead to an optimal fungus for fermentation.
